Abstract Emerging evidence implicates novel roles for post-translational prenylation (i.e., farnesylation and geranylgeranylation) of various signaling proteins in a variety of cellular functions including hormone secretion, survival and apoptosis. In the context of cellular apoptosis, it has been shown previously that caspase-3 activation, a hallmark of mitochondrial dysregulation, promotes hydrolysis of several key cellular proteins. We report herein that exposure of insulin-secreting INS 832/13 cells or normal rat islets to etoposide leads to significant activation of caspase-3 and subsequent degradation of the common a-subunit of farnesyl/geranylgeranyl transferases (FTase/ GGTase). Furthermore, the above stated signaling steps were prevented by Z-DEVD-FMK, a known inhibitor of caspase-3. In addition, treatment of cell lysates with recombinant caspase-3 also caused FTase/GGTase a-subunit degradation. Moreover, nifedipine, a calcium channel blocker, markedly attenuated etoposide-induced caspase-3 activation, FTase/GGTase a-subunit degradation in INS 832/13 cells and normal rat islets. Further, nifedipine significantly restored etoposide-induced loss in metabolic cell viability in INS 832/13 cells. Based on these findings, we conclude that etoposide induces loss in cell viability by inducing mitochondrial dysfunction, caspase-3 activation and degradation of FTase/GGTase a-subunit. Potential significance of these findings in the context of protein prenylation and b-cell survival are discussed.
Introduction
A variety of signaling proteins including small G-proteins (e.g., Ras, Cdc42 and Rac1), the c-subunits of trimeric G-proteins and nuclear lamins (e.g., lamin-B) undergo a series of post-translational modifications at their C-terminal cysteine residues including prenylation (i.e., farnesylation and geranylgeranylation) and carboxylmethylation [1] . Earlier studies have also demonstrated that such modification steps are necessary for the trafficking of prenylated proteins to appropriate cellular compartments for optimal interaction with and activation of their effector proteins leading to cellular activation [2] [3] [4] [5] . Prenylation represents the first modification step in which either a 15-carbon (farnesyl) or a 20-carbon (geranylgeranyl) derivatives of mevalonic acid are incorporated into the substrate proteins. The farnesyl transferase (FTase) catalyzes the transfer of farnesyl groups where as the geranylgeranyl transferase (GGTase) facilitates the incorporation of the geranylgeranyl groups in the presence of farnesyl pyrophosphate and geranylgeranyl pyrophosphate, respectively [6] . Examples of farnesylated proteins include H-Ras, lamin-B and geranylgeranylated proteins include small G-proteins such as Cdc42, Rac1, Rho and Rap1 [1] . FTase and GGTases are heterodimeric in nature comprising of a common a-subunit, but distinct b-subunits, and the later confer the substrate specificity for FTase and GGTases [7] . Using various pharmacological inhibitors of FTase and GGTases (e.g., FTI-277 and GGTI-2147), or dominant negative mutant of the FTase/GGTase-a subunit or siRNAs for FTase or GGTase b subunits, several recent studies have demonstrated novel roles for protein prenylation in nutrient-induced insulin secretion from clonal b-cells and normal rodent islets [8] [9] [10] [11] [12] .
In the context of prenyltransferase-mediated regulation of cellular function, Kim et al. [13] have reported that the common a-subunit of FTase/GGTase undergoes caspase-3 mediated cleavage into a smaller peptide (*35 kDa) under conditions of cellular apoptosis. For example, they demonstrated caspase-3 activation and FTase/GGTase a-subunit degradation in a mouse lymphoma cell line (W4 cell expressing the Fas receptor) following exposure to anti-Fas antibodies. They also observed caspase-3 activation and FTase/GGTase a-subunit degradation in Rat-2/H-ras cells treated with an FTase inhibitor (LB42708) or in Rat-1 cells treated with etoposide. Based on these observations, these authors implicated key roles for caspase-3 mediated degradation of FTase/GGTase-a-subunit in cellular apoptosis [13] .
Given the above mentioned regulatory roles of farnesylation and geranylgeranylation in islet function including insulin secretion and cell survival [1, 10] , we undertook the current study to determine if FTase/GGTase a-subunit undergoes cleavage under conditions of caspase-3 activation and cellular apoptosis in pancreatic b-cells. Specifically, we have examined the effects of etoposide, a genotoxic agent, known to induce robust activation of caspase-3 in insulinsecreting cells on FTase/GGTase a-subunit cleavage and cell viability in isolated pancreatic b-cells [14] . Lastly, we also investigated potential roles of influx and intracellular accumulation of calcium as an intermediary signaling event in etoposide effects on caspase-3 activation, FTase/GGTase a-subunit degradation steps in the cascade of events leading to loss in cell viability in these cells.
Materials and methods

Materials
Z-DEVD-FMK, a caspase inhibitor, was from R&D Systems, Inc. (Minneapolis, MN). Antisera directed against cleaved caspase-3 (active form) and b-actin were from Cell Signalling (Danvers, MA). The antiserum against the FTase/GGTase-a subunit was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-mouse or anti-rabbit IgG-horseradish peroxidase conjugates and Enhanced Chemiluminescence (ECL) kits were from Amersham Biosciences (Piscataway, NJ). All other reagents used in these studies were from Sigma Aldrich Co. (St. Louis, MO) unless stated otherwise.
Insulin-secreting cell culture and treatments INS 832/13 cells were cultured in RPMI-1640 medium containing 10 % heat-inactivated fetal bovine serum supplemented with 100 IU/ml penicillin and 100 IU/ml streptomycin, 1 mM sodium pyruvate, 50 lM 2-mercaptoethanol, and 10 mM HEPES (pH 7.4). The medium was changed twice, and cells were subcloned weekly. Islets from normal 6 week-old male Sprague-Dawley rats (Harlan Laboratories, Oxford, MI) were isolated by collagenase digestion method. All protocols, including isolation of pancreatic islets from rats, were reviewed and approved by our Institutional Animal Care and Use Committee. 
Western blotting
Proteins from INS 832/13 cells or rat islets were separated by SDS-PAGE on 10 % (w/v) polyacrylamide mini gels and electrotransferred to nitrocellulose membrane. The membranes were blocked with 5 % non fat dry milk in TBS-T (10 mM Tris-HCl; pH 7.4, 8.8 g/l NaCl, and 0.1 % Tween 20) for 2 h at room temperature. The membranes were then incubated overnight at 4°C with antisera raised against the cleaved (active fragment) caspase-3 (1:250) or FTase/GGTase-a subunit (1:400) in TBS-T containing 5 % BSA. The membranes were washed 5 times for 5 min each with TBS-T and probed with appropriate horseradish peroxidase-conjugated secondary antibodies in 5 % non fat dry milk in TBS-T at room temperature for 1 h. After washing, the immune complexes comprising of the target proteins were detected using the ECL kit. The membranes then were stripped and reprobed with b-actin. The band intensity was quantified and protein expression levels were calculated relative to b-actin in the same sample.
Metabolic cell viability assays INS 832/13 cells were seeded in 96-well plates and treated as described above. After 6 h cell viability was determined by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay which was carried out using manufacturer's instructions. The results are shown as relative optical density.
Statistical analysis
Results are expressed as means with their standard errors as indicated. Data are analyzed using one way ANOVA followed by Bonferroni posthoc test (GraphPad Prism 5; GraphPad Software, Inc., La Jolla, CA, USA). Differences between control and treatment groups were considered significant if P \ 0.05. Etoposide induces FTase/GGTase a-subunit degradation in INS 832/13 cells and normal rat islets As stated above, earlier observations from Kim and associates have shown that the a-subunit of FTase/GGTase undergoes cleavage by caspase-3. We next determined if etoposideinduced caspase-3 activation culminates in the degradation of the FTase/GGTase a-subunit. To examine this, lysates from studies described under Fig. 1a, b were subjected to SDS-PAGE and relative abundance of the degraded product of FTase/GGTase a-subunit (*35 kDa) was determined by Western blotting. As depicted in Fig. 1c, d , a significant increase in the degradation of FTase/GGTase a-subunit was noticed in cells incubated with etoposide ( Fig. 1c; lane 3 vs. lane 1). In a manner akin to caspase-3 activation (Fig. 1a, b) , incubation of INS 832/13 cells with an inhibitor of caspase-3 markedly reduced etoposide-induced FTase/GGTase a-subunit degradation ( GGTase a-subunit was determined as above. Indeed, data is Fig. 2 show the emergence of the degradative product of FTase/GGTase a-subunit under conditions of caspase-3 activation. These data further support our observations in Fig. 1 suggesting that etoposide induces caspase-3 activation leading to cleavage of FTase/GGTase a-subunit in pancreatic b-cells.
Results
Etoposide induces caspase-3 activation in INS
Nifedipine protects etoposide-induced caspase-3-mediated degradation of FTase/GGTase a-subunit in INS 832/13 cells and normal rodent islets
Existing evidence in other cell types implicates critical roles for intracellularly accumulated calcium in eliciting mitochondrial dysfunction and caspase-3 activation [15] [16] [17] [18] . In addition, available data in many cell types indicated that etoposide-induced caspase activation may, in part, be due to accumulation of calcium intracellularly [19, 20] . Therefore, in the next set of experiments, we investigated if blocking the influx of extracellular calcium by nifedipine, a known blocker of voltage-gated calcium channels [21, 22] , prevents etoposide-induced caspase-3 activation and FTase/GGTase a-subunit cleavage in INS 832/13 cells. Data depicted in Fig. 3a demonstrates a significant reduction in etoposide-induced caspase-3 activation in INS 832/13 cells following coprovision with nifedipine. Data from multiple experiments revealed *70 % inhibition in etoposide-induced caspase-3 activation following incubation with nifedipine (Fig. 3b) . We then investigated if nifedipine-treatment of pancreatic b-cells prevents etoposide-induced degradation of FTase/ GGTase-a-subunit. Data in Fig. 3c, d demonstrate a marked reduction in etoposide-induced FTase/GGTase a-subunit hydrolysis by nifedipine. In a manner akin to INS 832/13 cells, we also observed protective effects of nifedipine against etoposide induced caspase 3 activation and FTase/GGTase a-subunit degradation in normal rat islets. As shown in Fig. 4a , b coprovision of nifedipine markedly attenuated etoposide-induced caspase-3 activation in rat islets. Furthermore, nifedipinetreatment of rat islets resulted in marked reduction in etoposide-induced FTase/GGTase a-subunit hydrolysis (Fig. 4c, d ).
Nifedipine protects etoposide-induced loss in cell viability in INS 832/13 cells As mentioned above, several lines of evidence in multiple cell types including the islet b-cell implicate roles for prenylated G-proteins in cell survival [1, 10] . Therefore, in the last series of studies, we have examined if: etoposide induces loss in metabolic cell viability under conditions it induced caspase-3 activation and FTase/GGTase a-subunit degradation, and if so, whether nifedipine prevents such an 
Discussion
It is well established that small molecular mass and heterotrimeric G-proteins play important roles in cellular signaling events leading to glucose-stimulated insulin secretion [5, 12] . A growing body of evidence is also suggestive of novel roles for these signaling proteins in other b-cell functions including cell cycle progression, survival and apoptosis [1] . It is noteworthy that the majority of these proteins undergo post-translational modifications at their c-terminal cysteine residues (e.g., prenylation, methylation and acylation), which are essential for their trafficking to relevant cell membranes for optimal interaction with their respective effector proteins culminating in optimal regulation of b-cell function [1, 4, 5] . Despite the compelling evidence that FTase and GGTases are acutely regulated by glucose in the b-cell [11, 12] , and that they are critical for insulin secretion [1, 8, 9] , very little is known with regard to potential alterations in these enzymes under conditions of cellular apoptosis. Along these lines, studies by Kim and associates have demonstrated degradation of the FTase/GGTase a-subunit under conditions of caspase-3 activation [13] . With this in mind, we quantitated caspase-3 activation, FTase/GGTase degradation and cellular dysfunction in isolated b-cells exposed to etoposide, a known inducer of apoptosis in pancreatic b-cells. Our findings suggested that: (i) etoposide-induces caspase-3 activation, which in turn, degrades the common a-subunit of FTase/GGTase; these signaling events are blocked by a peptide inhibitor of caspase-3; (ii) nifedipine, a known inhibitor of plasma membraneassociated calcium channels, markedly attenuates etoposide-mediated effects on caspase-3 activation and FTase/ GGTase a-subunit degradation in INS 832/13 cells and normal rat islets; and (iii) nifedipine protects pancreatic b-cells against etoposide-induced loss in metabolic viability. Based on these findings we speculate that influx and intracellular accumulation of calcium as one of the signaling events leading to etoposide-induced metabolic dysfunction of the islet b-cell, leading to the activation of caspase-3 and FTase/GGTase a-subunit degradation (see below). Given our observations, one might ask the question about the relevance and implications of these current findings in the context of b-cell survival and function. These aspects are discussed below. Existing evidence suggests that inhibition of protein prenylation culminates in growth arrest, loss in cell viability and apoptosis, thus implicating regulatory roles for prenylated proteins, including small molecular mass and trimeric G-proteins as well as nuclear lamins in cell survival pathways [23, 24] . Furthermore, it has been demonstrated that functional inactivation of G-proteins or GTP-requiring signaling steps by depletion of intracellular GTP results in cell demise. For example, original studies by Li and associates [25] have suggested that prolonged depletion of intracellular GTP via inhibition of inosine monophosphate dehydrogenase using mycophenolic acid, results in the apoptotic demise of the islet b-cell. These authors have also demonstrated that functional inactivation of Rho G-proteins by clostridial toxins further potentiated mycophenolic acid-induced b-cell apoptosis. These data raise an interesting possibility that functional inactivation of islet endogenous G-proteins either by GTP-depletion or functional inactivation via Clostridial toxins or FTase/GGTase inhibitors results in impaired cell viability. Lastly, it was also demonstrated that inhibition of protein farnesylation using selective inhibitors of FTases (FTI-277 and FTI-2628) or siRNA-mediated knockdown of the b-subunit of FTase, markedly reduced glucose-induced ERK1/2 phosphorylation, Rac1 activation and insulin secretion in clonal b-cells and normal rat islets [11] . Our current findings indicating a potential causal relationship between the degradation of FTase/GGTase a-subunit and loss in cell viability further validates the above experimental models and postulations. It is also noteworthy that our current observations also suggested regulatory roles for accumulation of cytosolic calcium in etoposide-mediated effects on caspase-3 activation and FTase/GGTase a-subunit degradation. These findings are in concert with recent observations by Wang et al. [26] who reported cytoprotective effects, by nifedipine, against endoplasmic reticulum stress and apoptosis induced by glucotoxic conditions in pancreatic b-cells. Therefore, it is likely that such conditions could also promote b-cell dysfunction via a calcium-mediated mitochondrial dysregulation, caspase-3 activation and FTase/ GGTase a-subunit degradation pathways leading to loss in cell viability. This possibility needs to be verified experimentally. Indeed, recent observations from Shalev's laboratory [27] have provided compelling evidence to suggest a marked reduction by verapamil, a calcium channel blocker, of increased expression of pro-apototic thioredoxin-interacting protein expression and restoration of normal b-cell survival and function in the BTBR ob/ob mice. Our current findings provide further evidence in support of the formulation that influx of extracellular calcium and subsequent overload of mitochondrial calcium leads to dysregulation of cellular function. Thus, calcium channel blockers such as verapamil [27] and nifedipine (current study) appear to exert cytoprotective effects in b-cells against noxious stimuli and improve b-cell survival and function.
Our current findings form the basis for future investigations including determination of overall impact of degradation of FTase/GGTase a-subunit in the functional regulation of other key cellular proteins such as Probin, a novel farnesylated protein that has been shown to suppress the activation of survival proteins (e.g., Akt) in the islet b-cell [28] . Second, potential implications of our current findings on nuclear lamins and the assembly of nuclear envelope remains to be verified since inhibition of posttranslational prenylation of lamins is known to increase their susceptibility to degradation leading to the collapse of nuclear assembly [29, 30] . Along these lines, recent studies by Chang and associates have demonstrated that inhibition of farnesylation using FTIs led to a marked reduction in the biogenesis of mature lamin A culminating in the accumulation of prelamin-A intracellularly. Further, their data suggested a critical requirement for a geranylgeranylation signaling step in the conversion of farnesylated lamin A to its mature form mediated by a zinc metalloprotease [31] . Together, these findings implicate novel roles for posttranslational prenylation steps in the functional regulation of lamins [23, 24] . Lastly, it is likely that the cleavage product of FTase/GGTase a-subunit could have direct effects on the induction of cell death. Indeed, findings by Kim and associates further substantiate this viewpoint. These investigators provided direct evidence to suggest that expression of p35, the cleavage product of FTase/ GGTase a markedly increased cell death probably by interfering with the prenylenzyme activities [13] . This remains to be confirmed in the b-cell.
In summary, we propose (Fig. 6 ) that etoposide-induced metabolic dysregulation and loss in cell viability may, in part, be due to calcium-mediated, caspase-3-induced degradation of FTase/GGTase a-subunit and associated downstream signaling events, which remain to be determined in the context of prenylation-dependent regulation of survival and function of the islet b-cell. Based on the data accrued in the current study we speculate that exposure of pancreatic b-cells to etoposide leads to mitochondrial dysfunction mediated via intracellular accumulation of calcium, which is sensitive to nifedipine. Such a signaling step leads to increased activation of caspase-3, and peptidic cleavage of FTase/ GGTase a-subunit. While our current data do not provide direct evidence, existing data from multiple laboratories including our own suggests that pharmacological and molecular biological inhibition of FTase/GGTases lead to functional inactivation of G-proteins and abnormal lamin metabolism leading to defective nuclear assembly and cell demise (see text for additional details). Lastly, we cannot rule out the potential possibility that the cleavage product of FTase/ GGTase a-subunit could exert direct effects on inducing loss in metabolic cell viability in INS 832/13 cells. This remains to be verified experimentally
